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ABSTRACT
The process by which the mass density profile of certain galaxy clusters becomes centrally concen-
trated enough to produce high strong lensing (SL) cross-sections is not well understood. It has been
suggested that the baryonic condensation of the intra-cluster medium (ICM) due to cooling may drag
dark matter to the cores and thus steepen the profile. In this work, we search for evidence of ongoing
ICM cooling in the first large, well-defined sample of strong lensing selected galaxy clusters in the
range 0.1 < z < 0.6. Based on known correlations between the ICM cooling rate and both optical
emission line luminosity and star formation, we measure, for a sample of 89 strong lensing clusters,
the fraction of clusters that have [OII]λλ3727 emission in their brightest cluster galaxy (BCG). We
find that the fraction of line-emitting BCGs is constant as a function of redshift for z > 0.2 and shows
no statistically significant deviation from the total cluster population. Specific star formation rates,
as traced by the strength of the 4000A˚ break, D4000, are also consistent with the general cluster pop-
ulation. Finally, we use optical imaging of the SL clusters to measure the angular separation, Rarc,
between the arc and the center of mass of each lensing cluster in our sample and test for evidence
of changing [OII] emission and D4000 as a function of Rarc, a proxy observable for SL cross-sections.
D4000 is constant with all values of Rarc, and the [OII] emission fractions show no dependence on
Rarc for Rarc > 10
′′ and only very marginal evidence of increased weak [OII] emission for systems
with Rarc < 10
′′. These results argue against the ability of baryonic cooling associated with cool
core activity in the cores of galaxy clusters to strongly modify the underlying dark matter potential,
leading to an increase in strong lensing cross-sections.
Subject headings: cooling flows - galaxies: clusters: strong lensing - techniques: spectroscopic
1. INTRODUCTION
Galaxy clusters that exhibit strong lensing in their
cores are some of the rarest objects in the Universe
and the global strong lensing cross-section for galaxy
cluster-scale structures is dominated by a small fraction
of the total galaxy cluster population. In strong lens-
ing (SL) galaxy clusters, theory and simulations pre-
dict that certain astrophysical factors play a role in
increasing SL cross-sections. N -body simulations pre-
dict that dark matter concentrations in strong lensing
clusters should be significantly larger than most other
clusters (Hennawi et al. 2007; Meneghetti et al. 2010)
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and that triaxiality and clumpiness in the cores could
be significant in producing SL clusters (Hennawi et al.
2007). While many strong lensing clusters have high
mass, Dalal et al. (2004) showed that the central mass
concentration rather than the mass itself is a more im-
portant determinant of how giant arcs are produced by
cluster-scale mass distributions. However, many stud-
ies have found that simple dissipationless (i.e. dark
matter only) cosmological simulations tend to under-
predict the abundance of SL galaxy clusters by an or-
der of magnitude or more indicating that all factors
such as triaxiality and substructure contributing to large
strong lensing cross-sections have not been taken into ac-
count (e.g. Bartelmann et al. 1998; Luppino et al. 1999;
Zaritsky & Gonzalez 2003; Gladders et al. 2003; Li et al.
2006).
Additional factors that may contribute to large
cross-sections include dark matter condensation due
to cooling baryons (Rozo et al. 2008; Mead et al.
2010), central galaxies and substructure (Flores et al.
2000; Meneghetti et al. 2000, 2003; Hennawi et al. 2007;
Meneghetti et al. 2010), triaxiality of cluster mass pro-
files (Oguri et al. 2003; Dalal et al. 2004; Hennawi et al.
2007; Meneghetti et al. 2010), major mergers that in-
crease the cross-section on short timescales (Torri et al.
2004; Fedeli et al. 2006; Hennawi et al. 2007), struc-
ture along the line of sight not related to the
lens or source (Wambsganss et al. 2005; Hilbert et al.
2007; Puchwein & Hilbert 2009), and the properties of
the background galaxies (Hamana & Futamase 1997;
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Wambsganss et al. 2004; Bayliss et al. 2011a; Bayliss
2012). Wambsganss et al. (2004) and Dalal et al. (2004)
showed that increasing the source redshifts in simula-
tions increases SL cross-sections. Failure to account for
realistic source redshift distributions has been demon-
strated to have a factor of ∼ 10× effect on giant
arc abundances (Bayliss 2012). Using SL clusters to
test predictions from theories and cosmological mod-
els has historically been limited by the lack of large,
well-defined lens samples. The first homogeneously se-
lected cluster lens samples had sizes N∽5 (Le Fevre et al.
1994; Zaritsky & Gonzalez 2003; Gladders et al. 2003)
and thus too small to have statistical power, but this
is now changing as we move solidly into a new era
of wide-field imaging surveys – such as the SDSS
(e.g., Hennawi et al. 2008; Kubo et al. 2009; Diehl et al.
2009; Kubo et al. 2010; Bayliss et al. 2011b; Oguri et al.
2012), the Canada-France-Hawaii-Telescope Legacy Sur-
vey (CFHTLS; Cabanac et al. 2007), and the Second
Red Sequence Cluster Survey (RCS2; Bayliss 2012).
One reasonable physical scenario that could contribute
to the accumulation of mass in the cores of strong lensing
galaxy clusters involves baryonic cooling. The hot intra-
cluster medium (ICM) in clusters cools by losing energy
in the form of X-ray radiation. In this picture, in order
to maintain hydrostatic equilibrium, the cool gas flows
inward establishing a cooling flow (e.g. Fabian 1994). In
some galaxy clusters, the cooling rate in the center is
anomalously high to the point that the cooling time is
shorter than the Hubble time. Classical estimates sug-
gest cooling rates of about 1000 M⊙/yr which should
lead to equally high star formation rates. However, such
dramatic amounts of star formation are not observed so
there must be some mechanism, such as feedback from
active galactic nuclei, which can offset the energy loss
from cooling (McNamara & Nulsen 2007; Fabian 2012;
McNamara & Nulsen 2012). Even so, there is often a
small amount of cooling gas fueling star formation in
these “cool core” clusters, representing the residual in
the feedback/cooling balance, at typical levels of 1-10
M⊙/yr (O’Dea et al. 2008; McDonald et al. 2011b), but
can be as high as >100 M⊙/yr (McNamara et al. 2006;
O’Dea et al. 2008; McDonald et al. 2012b).
Several studies have found that cool core clus-
ters also contain optical emission-line nebulae in the
central regions (Hu et al. 1985; Johnstone et al. 1987;
Heckman et al. 1989; Edwards et al. 2007; Hatch et al.
2007; McDonald et al. 2010, 2011a). In addition, star
formation rates (SFR) in the brightest cluster galaxies
(BCGs) of cool core clusters are known to be higher
than SFRs in non-cool cores (Johnstone et al. 1987;
McNamara & O’Connell 1989; Allen 1995) and excess IR
emission has been found to be proportional to Hα emis-
sion suggesting both may be due to star formation as a
result of the cooling intracluster medium (O’Dea et al.
2008). By studying UV and Hα emission of extended
filaments in cool cores, McDonald et al. (2011b, 2012a)
found that in the majority of clusters (with Perseus as a
notable exception), the warm gas is primarily photoion-
ized by massive, young stars, with small contributions
most likely from slow shocks. Both the optical emis-
sion and the star formation seem to be related to the
X-ray properties of the ICM, such as the X-ray cooling
rate, suggesting that cooling gas from the intracluster
medium is the source of the warm ionized gas and the fuel
for star formation (e.g., Edge 2001; O’Dea et al. 2008;
McDonald et al. 2010, 2011a,b; Tremblay et al. 2012).
This link suggests that the presence of either warm ion-
ized gas or ongoing star formation in the BCG may indi-
cate that the ICM is cooling rapidly in the cluster core.
Recent work demonstrates that the evolution of cool core
clusters matches the evolution of optically emitting neb-
ulae, suggesting that optical emission-line nebulae may
serve as an effective tracer for cool cores (Donahue et al.
1992; McDonald 2011; Samuele et al. 2011). This is sig-
nificant because at high redshifts it is difficult to deter-
mine the cooling rate since the X-ray flux is very low for
most of the sources. This paper makes use of the corre-
lation between optical emission-line luminosity and cool
core strength, the former having the advantage of being
measureable from the ground via even modest aperture
telescopes.
In this work we use observations of a sample of 89
strong lensing galaxy clusters with BCG spectra avail-
able from the SDSS to test for evidence that baryonic
cooling is contributing strongly to the high surface mass
density of strong lensing galaxy clusters. This paper is
organized as follows. In Section 2 we describe the strong
lensing cluster sample and the data analyzed. In Sec-
tion 3, we describe our analysis methods and present the
evolution of [OII] line emission and 4000A˚ break ratio
for our sample compared to the total cluster population.
Section 4 provides a discussion of the results and the
paper concludes with a summary in Section 5.
In this paper we assume ΩM = 0.27, ΩΛ = 0.73, and
H0 = 71 km s
−1 Mpc−1 (Hinshaw et al. 2009).
2. CLUSTER SAMPLE AND SDSS DATA
2.1. Strong Lensing Selected Cluster Sample
To minimize systematic effects and to allow statis-
tically robust analysis it is important that we have a
large, uniformly selected sample of SL clusters. In an
attempt to obtain a well-understood sample, a system-
atic search for strong lensing galaxy clusters in the SDSS
DR7 was carried out (Hennawi et al. 2008). Follow-
up observations and analyses of subsets of the Sloan
Giant Arcs Survey (SGAS) sample have been previ-
ously published (Bayliss et al. 2010; Koester et al. 2010;
Bayliss et al. 2011b,a; Oguri et al. 2012). In brief, can-
didate galaxy clusters in the SDSS data were selected
at optical wavelengths using the red sequence algorithm
(Gladders & Yee 2000). Each candidate optically se-
lected galaxy cluster was visually inspected by four ex-
perts who each assigned a numerical score based on the
presence or absence of any evidence of strong lensing in
the images. The score scale ranges from 0 to 3 where
3 means there is obvious strong lensing and 0 means no
evidence for lensing. The final score is the average of
each individual score from each person. Follow-up obser-
vations were obtained so that the purity of the sample,
the number of candidate strong lenses that actually are
SL clusters, could be understood. These efforts have pro-
duced the first sample of hundreds of candidate strong
lensing galaxy clusters, which will be described in full
detail in a forthcoming publication (M. D. Gladders et
al., in preparation).
We are using this new large sample of SL clusters to
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conduct the first systematic search for observational ev-
idence of enhanced gas cooling in strong lensing galaxy
clusters. The completeness and purity as a function of
score for this SL sample is well understood and the ma-
jority of the sample clusters have deep, optical follow-
up observations (98% follow-up for score > 1.5 and 75%
follow-up for score > 1.0). We remove from the sample
those clusters for which the score is below 1.3 to prevent
clusters that do not clearly exhibit strong lensing from
contaminating our conclusions because the purity of the
sample as a function of score drops off strongly between
mean scores of 1.5 and 1.0. After a visual inspection of
deep follow-up images of each cluster, we also removed 6
SL cluster candidates that cannot be visually confirmed
at high confidence as lenses. As described in detail in
the next section, we then match the remaining clusters
to the SDSS spectroscopic catalog using updated coordi-
nates from follow-up data.
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Figure 1. Histogram of distances between objects in the SL clus-
ter sample and the matching spectra in the spectral database.
There are several objects that have poor matches. Objects with
match distances above 1.5 arcseconds and below 2 arcminutes were
manually inspected. The smallest bin contains distances less than
1.5 arcseconds. There are 90 objects in this bin but 6 of these
were removed after a visual inspection deemed them not clearly
real lenses, yielding the number 84 cited in the text.
2.2. Matching SL Cluster Coordinates to BCG Spectra
In order to obtain the spectra for the BCGs of inter-
est from the SDSS data set, the SL sample cluster co-
ordinates were matched with the MPA-JHU release of
spectrum measurements from SDSS DR7. The SL sam-
ple coordinates come from a visual inspection of the field
where the centers of mass of the clusters are approxi-
mated by eye. When an arc forms around an obvious
BCG, the centroid of the BCG is assigned as the center
of mass. However, in cases where there is no obvious
BCG, the centroid of the arc itself is used. As a result,
we first look for exact matches to BCG spectra and then
manually inspect the near-match cases. Coordinates of
the SL clusters were compared to the positions in the
spectral catalog to find the separation between each sam-
ple object and all the objects in the spectral database.
The match for each sample cluster is then the object in
the spectral database that is the smallest distance away
from that SL cluster. 84 SL clusters had lensing centers
that matched those of spectra in the database to within
1.5 arcseconds, where the 1.5 arcsecond cut is motivated
by the size of the SDSS spectroscopic fiber aperture (3
arcsecond diameter).
Figure 1 shows the histogram of distances for the
matching process between the SL cluster sample and the
spectroscopic database. It is clear that some SL clus-
ters do not have matches with the spectra file. Images
of those non-matches for which the match distance is
greater than 1.5 arcseconds but less than 2 arcminutes
were manually inspected to determine if there are any
appropriate bright cluster member galaxies with spec-
tra. For example, some clusters may have multiple bright
galaxies in the core, all located close to the center of mass
of the cluster. The galaxy corresponding to the SL sam-
ple coordinates might not have a spectrum but another
galaxy nearby, that is also part of the central mass dis-
tribution, might have one. As mentioned above, some of
the SL coordinates are actually centroids of giant arcs so
the corresponding BCG with a spectrum must be manu-
ally determined. 5 of the moderately matching systems
were included in the final sample. The final sample thus
results in 89 clusters. The spectroscopic redshift distri-
bution of these clusters is shown in Figure 2.
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Figure 2. Redshift distribution of the clusters in the SL sam-
ple that have SDSS spectra and are used in the analysis (solid)
compared with the redshift distribution of the GMBCG catalog
(dashed).
2.3. Optically Selected Galaxy Cluster Catalog
To compare our results to the total cluster popula-
tion, we are using the GMBCG catalog (Hao et al. 2010)
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which was also used by McDonald (2011) who studied
the evolution of optical line emission in the total popula-
tion. The GMBCG catalog was created by searching for
BCGs and the red sequence to find galaxy clusters from
SDSS DR7 producing a catalog of over 55,000 galaxy
clusters in the redshift range 0.1 < z < 0.55. The spec-
troscopic redshift distribution of all the GMBCG clus-
ters with SDSS spectra is shown in Figure 2. We can
also compare the range in cluster masses spanned by the
SL and GMBCG samples using a galaxy cluster richness
estimator. Most of the SL clusters in our sample have
measured richnesses from the GMBCG catalog. For the
remaining clusters we used a similar procedure to that
used by Hao et al. (2010) to measure richness so that
we could compare the richness distribution between the
two samples. We note that the richness distribution of
our SL sample represents a subset of the richness distri-
bution of the GMBCG catalog weighted towards higher
richness. The mean richness and 1 − σ uncertainties of
the SL sample is 22+48
−11 and the mean and uncertainty of
the GMBCG is 12+6
−11. The richnesses of the SL sample
span the range 2− 87 and the GMBCG richnesses range
from 8 to 143 with only 0.1% greater than 87. The SL
sample is drawn from the full range of GMBCG rich-
nesses with a preference for higher richness as expected
from simulations (Hennawi et al. 2007; Meneghetti et al.
2010).
2.4. SDSS Data
The relevent data include spectroscopic redshifts, emis-
sion line flux measurements and 4000A˚ break ratios. The
lines of interest in this work are Hβ, [OII]λλ3727, and
[OIII]λλ5007. We do not use Hα because at z ∽ 0.4
it is redshifted out of the wavelength coverage of SDSS.
The [OII] line is a good tracer of star formation rates
over the redshift range of our sample (Kennicutt 1998;
Kewley et al. 2003) and stays within the wavelength cov-
erage of SDSS which is 3800A˚ - 9200A˚11. Also, in our
redshift range the [OII] line stays blueward of bright sky
lines that exist redward of 7300A˚, which can cause resid-
uals from sky subtraction.
An important property of the SDSS spectroscopic
database is that the 3′′ spectroscopic fiber aperture en-
compasses different physical regions on the sky at differ-
ent redshifts, as the angular diameter distance changes
with redshift. For nearby BCGs, for example, the fiber
aperture will only encompass a fraction of the total
area of the BCG, and would therefore fail to detect
any line emission from extended, often filamentary, re-
gions beyond the physical radius probed by the SDSS
fiber. McDonald (2011) showed that above a redshift of
about 0.3, the fiber aperture encompasses nearly the to-
tal Hα emission from a sample of galaxy clusters. But
for z < 0.3 it is essential that an aperture correction be
performed. Two aperture corrections were used in this
work. McDonald (2011) derived a universal LHα(r) pro-
file based on low-z, well-resolved systems to determine
the fraction of emission outside the aperture. The second
correction assumes that the mean Hβ luminosity should
be constant with distance. Thus, the only change in Hβ
luminosity should be due to the aperture encompassing
11 http://www.sdss.org/dr7/instruments/spectrographs/index.html
different physical diameters. As in McDonald (2011), we
find that the two different aperture corrections produced
consistent results.
3. COOLING SIGNATURES IN STRONG LENSING GALAXY
CLUSTERS
3.1. Evolution of Emission in the Range 0.1 < z < 0.6
To understand the evolution of [OII] line emission in
strong lensing galaxy clusters we must determine the
fraction of SL galaxy clusters that exhibit [OII] line emis-
sion as a function of some redshift bin. To do this,
for each SL galaxy cluster we calculate the probabil-
ity, assuming Gaussian statistics, that the line luminos-
ity is above a certain threshold. Following McDonald
(2011), the condition for strong [OII] emission is L[OII] >
3.1× 1040 erg s−1 and the condition for weak [OII] emis-
sion is 7.8× 1039 erg s−1 < L[OII] < 3.1 × 10
40 erg s−1.
In a given redshift bin, the fraction of SL galaxy clus-
ters with weak or strong [OII] emission is given by the
average of the individual probabilities for each cluster in
that bin. To avoid confusing optical line emission from
warm gas in BCGs with AGN activity, if [OIII]/Hβ > 3
(i.e. Seyfert galaxy where [OII] emission is not neces-
sarily from star formation) for a particular cluster, the
cluster is classified as non-emitting and the probability of
being an [OII] emitter is set to zero. 14 of the SL clusters
in the sample fall into this category of non-emitting.
Figure 3 shows the fraction of SL galaxy clusters with
all, weak, and strong [OII] emission in the central galaxy.
This is the evolution of [OII] emission for 89 SL galaxy
clusters in the range 0.1 < z < 0.6. The over-plotted
gray areas represent the evolution of emission for the
GMBCG catalog from McDonald (2011). The statisti-
cal agreement between the SL sample and the GMBCG
catalog indicates that the fraction of central galaxies in
SL clusters with bright [OII] emission as a function of
redshift differs little from the general cluster population.
The trend of a constant fraction of optical line emission
for z > 0.2 in the general cluster population appears to
be mirrored in the strong lensing cluster sample. If a
large fraction of SL galaxy clusters showed strong [OII]
emission, then this would suggest that baryonic cooling
plays an important role in increasing SL cross-sections.
Instead, we find no evidence for an enhancement in [OII]
emission and thus, baryonic cooling, in strong lensing se-
lected clusters. The mean [OII] fractions (for each of the
all, weak, and strong cases) that we compute for both
the SL sample and the GMBCG catalog at z > 0.2 are
given in Table 1.
Table 1
Mean all, weak, and strong [OII] emission fractions for z > 0.2
using the universal profile (Univ) and no evolution (NoEv)
aperture corrections. Errors are 1-σ.
SL Sample GMBCG Catalog
Univ NoEv Univ NoEv
weak .26±.06 .28±.06 .183±.003 .189±.003
strong .14±.04 .09±.03 .125±.003 .110±.002
all .40±.07 .38±.07 .308±.004 .299±.004
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Figure 3. The fraction of SL clusters with all (top), weak (mid-
dle), and strong (bottom) [OII] emission. The two aperture correc-
tions mentioned in the text have been applied and are here referred
to as “Universal Profile” and “No Evolution”. These two correc-
tions agree well. The errors for the three middle bins are the stan-
dard deviations of the means in each bin calculated using Poisson
statistics. The lowest and highest bin errors were calculated using
binomial methods outlined by Cameron (2011). The numbers near
the data points indicate how many clusters are in each bin. The
gray areas here correspond to [OII] emission evolution for the “no
evolution” aperture correction applied to the GMBCG sample in
McDonald (2011).
3.2. Probing Star Formation Using the 4000A˚ Break
Ratio
As a check on our results we can investigate the spe-
cific star formation rate (sSFR), another tracer of ongo-
ing cooling, in each strong lensing BCG and compare it
to the rate in the total population. This sSFR must be
independent from our flux measurements to contain new
information so we use the 4000A˚ break index provided
by the MPA-JHU data release as a tracer for specific star
formation rate. The 4000A˚ break index is the ratio of the
mean flux in the range 4000A˚ - 4100A˚ to the mean flux
in the range 3850A˚ - 3950A˚ (Brinchmann et al. 2004).
Objects with low star formation, and thus few young,
blue stars, will have strong 4000A˚ break ratios. In Fig-
ure 4 we plot the mean 4000A˚ break of our SL clusters
in five redshift bins as well as the mean 4000A˚ break of
the GMBCG catalog. There is no deviation from the
GMBCG catalog, indicating that SL clusters exhibit the
same specific rate of star formation as the general popu-
lation of BCGs. This is consistent with our results above
that found that [OII] line emission in SL clusters deviates
little from the total population.
To understand the break strength distribution of the
SL sample we also plot a histogram of the distribution in
Figure 4. The lack of strong bimodality suggests that the
SL sample clusters are not forming many stars in their
cores. Typical star forming galaxies tend to have break
strengths of ∽ 1.3 (Kauffmann et al. 2003). The divi-
sion between star forming and non-star forming galaxies
occurs around a break strenth of 1.6 (Kauffmann et al.
2003). The SL cluster BCGs have break strength val-
ues indicating they are predominantly non-star forming.
The vertical lines in the histogram of Figure 4 indicate
the 4000A˚ break strength values for various classical cool
cores and non-cool cores. PKS0745, A1795, and A1835
are strong cool cores whereas A2029 is a non-cool core.
The strong cool cores tend to have values well below the
SL sample while A2029 has a value ∽ 0.1 away from the
SL sample mean indicating that SL sample clusters are
not exhibiting the typical break strength values of cool
core clusters.
3.3. [OII] Emission Fraction As a Function of Strong
Lensing Cross-Section
To better characterize the above results, we investi-
gate whether or not clusters with a larger strong lensing
cross-section show stronger emission. We use an obser-
vationally defined quantity, Rarc, for each cluster lens
as a proxy for strong lensing cross-section. We define
Rarc as the radial separation between the arcs and the
center of mass of the SL clusters. Rarc is an observ-
able that is simple to measure for our entire sample, and
which provides an approximate estimate of the Einstein
radius. The Einstein radius describes the critical curve
for a given strong lens, and is defined analytically as
the location in the lens plane where the formal magni-
fication of a source distorted by a lens goes to infinity
(Schneider et al. 1992). In the simplest case of a spheri-
cally symmetric lensing potential and perfect alignment
between the source, lens, and observer, the source is re-
imaged into a ring described by the Einstein radius. The
radius of this ring is the Einstein radius, θE , and is given
by:
θE =
√
4GM
c2
DLS
DLDS
(1)
where G is Newton’s gravitational constant, M is the
mass of the lensing cluster, c is the speed of light, DLS
is the distance between the lens and the source, DL is
the distance between the observer and the lens, and DS
is the distance between the observer and the source.
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Figure 4. The top plot shows the evolution of the 4000A˚ break
ratio (D4000) in our sample plotted with the mean ratio for the GM-
BCG catalog (dashed line). The dotted line is the median of the
D4000 distribution from Kauffmann et al. (2003), indicating the
approximate threshold between star forming and non-star forming
galaxies. The evolution in the SL sample does not deviate from
the typical ratio of the general cluster population. Errors are cal-
culated from Poisson counting statistics. The bottom plot shows
the distribution of the break ratio in the SL sample. PKS0745,
A1795, and A1835 are classical strong cool cores and A2029 is a
non-cool core. Values for PKS0745, A1795, and A2029 come from
Johnstone et al. (1987) and the value for A1835 is from SDSS.
Physically realistic lensing systems have critical curves
with much more complex morphologies, but the Einstein
radius for such systems can still be defined and measured
as the radius of a circle which has the same area on the
sky as the area contained within the critical curve. The
size of the critical curve provides a measurement of the
“strong-ness” of a strong lens, where the SL cluster pop-
ulation consists of a broad range of structures ranging
from the rarest super-lenses with extreme strong lens-
ing cross-sections, to the more numerous marginal strong
lenses.
Detailed strong lensing reconstructions of the critical
curves for our cluster lens sample is observationally un-
feasible as it would require extensive follow-up observa-
tions. However, rather than model the critical curve for
each SL cluster, it is also possible to define a simple
observable quantity by fitting an ellipse to a multiply
imaged source – or giant arc – and measure the radius
corresponding to a circle with an area equal to the area
of the fitted ellipse (Rarc). Tests in simulations show
that this quantity has a large intrinsic uncertainty when
used to estimate the Einstein radius for an individual lens
system, but that on average it correlates with Einstein
radius (Puchwein & Hilbert 2009). We can therefore use
Rarc for our SL cluster sample to sort lenses approxi-
mately by the size of their strong lensing cross-section.
This sorting allows us to probe whether baryonic cool-
ing processes may be helping to drive up strong lensing
cross-sections within a subset of the total cluster lens
population.
We estimate the radial separation, Rarc, of the arcs
from the center of mass of the cluster in each SL clus-
ter from optical follow-up images taken with the Mo-
saic Camera (MOSCA) on the 2.5m Nordic Optical Tele-
scope. In each image the center of mass of the cluster
(usually the BCG) as well as the arcs are located. The fit-
ting program mpfitellipse (More 1978; Markwardt 2009)
is then used to fit an ellipse to the curvature of the arcs
to recover a rough estimate of the critical curve for each
cluster lens. For the measured radial separations to be
useful as a way to sort and compare members of our
sample, they must be scaled to remove the distance de-
pendence of each measurement. This is accomplished by
scaling each measurement by:
N =
√√√√ DL0S0DL0DS0
DLS
DLDS
(2)
where DLS , DL, DS are the relevant distance values
for each particular cluster, and DL0S0 , DL0 , DS0 are val-
ues for a fiducial lens configuration. Because the source
redshifts for many of our individual SL systems are un-
known, we use the typical source redshift as measured in
the literature, zs = 2 ± 1 (Bayliss et al. 2011a; Bayliss
2012). The source redshift uncertainty for each individ-
ual lens system produces a systematic uncertainty in the
final scaled Rarc values for our SL cluster sample, but
this uncertainty is quite small (∼ +3% − 8% for a lens
redshift of 0.3, the median of our sample) and does not
impact our results.
With the scaled Rarc measurements, one can then de-
termine the [OII] emission fraction as a function of Rarc
(∽ θE). Figure 5 shows the fraction of SL clusters with
all, weak, and strong [OII] emission in four bins of Rarc.
In this plot only those SL clusters with z > 0.2 were
included because this is where there is no evidence of
changing [OII] emission fractions. From Figure 5 it seems
that there is no statistically significant dependence of
[OII] emission on Einstein radii above about 10 arcsec-
onds. Below this value there is a slight increase in the
fraction of weak [OII] emitters whereas the strong [OII]
fraction is consistent with no dependence. For weak
emission the data points in the bins below 10 arcsec-
onds deviate from the GMBCG mean by about 1-σ and
for total emission the data points deviate from the GM-
BCG mean by less than 1-σ and are thus not statistically
robust deviations. Figure 5 also shows the 4000A˚ break
strengths as a function of Rarc, which show no deviation
from the GMBCG mean break strength and no evidence
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Figure 5. This plot shows the fraction of SL clusters with all
(top), weak (middle), and strong (bottom) [OII] emission in four
bins of Rarc. Only those SL clusters with z > 0.2 are considered
here. The dashed line represents the mean GMBCG [OII] emission
fraction. All [OII] fractions in this plot were calculated with fluxes
corrected using the “no evolution” aperture correction. The top
plot also shows the 4000A˚ break ratios (D4000) as a function of
Rarc. The dotted line represents the mean GMBCG break ratio
for z > 0.2.
for variation in the break strength as a function of Rarc.
Clusters with large Einstein radii exhibit optical tracers
of baryonic cooling in their cores with the same frequency
as clusters with small Einstein radii, and also as the total
cluster population.
4. DISCUSSION
Figure 3 demonstrates that the fraction of strong lens-
ing galaxy clusters over the range 0.2 < z < 0.6 with
[OII] line-emitting BCGs is constant and shows no sta-
tistically significant deviation from the total cluster pop-
ulation, suggesting that baryonic cooling is not enhanced
in SL clusters over the general cluster population. Fig-
ure 4 supports this conclusion by showing that there is
no evolution in 4000A˚ break ratios and that they match
the mean ratio in an optically selected sample of galaxy
clusters – the GMBCG catalog. Furthermore, the typical
D4000 value for the SL sample is consistent with non-cool
cores that are not forming many stars in the BCG. If
ongoing cooling were playing a continuing role in gener-
ating efficient SL clusters then we would expect to see
some evidence of enhanced cooling in the form of inter-
mediate temperature (104K) gas or ongoing star forma-
tion (e.g., Edge 2001; O’Dea et al. 2008; McDonald et al.
2010, 2011a,b; Tremblay et al. 2012), as traced by optical
emission or the 4000A˚ break in the cluster cores.
We find no evidence for such an enhancement; in-
stead, our analysis suggests that cool cores are no more
prevalent in strong lensing clusters than in the gen-
eral cluster population. Our results argue that bary-
onic cooling associated with cool core activity is not an
efficient mechanism for dramatically increasing strong
lensing cross-sections in galaxy clusters. Rozo et al.
(2008) and Mead et al. (2010) found that simulations
which include baryonic cooling can increase strong lens-
ing cross-sections of simulated galaxy clusters by fac-
tors of ∽ 2-3. These scenarios require a “runaway”
cooling flow which causes dark matter to condense in
the core by sufficient amounts to alter the total mat-
ter density profile and the strong lensing properties of
the cluster. Since runaway cooling flows are not ob-
served, it is evident that other factors, like AGN feed-
back, act on sufficiently short timescales to prevent run-
away cooling and unrealistically cuspy gas density pro-
files (Best et al. 2005; McNamara & Nulsen 2007; Fabian
2012; McNamara & Nulsen 2012). Otherwise, we would
observe the effects of this runaway cooling in the form of
massive starbursts. This feedback scenario is consistent
with recent studies (e.g. Mead et al. 2010; Killedar et al.
2012) that found that simulations which include models
of AGN feedback, together with cold dark matter and
gas dynamics, show less significant increases in strong
lensing cross-sections. This agreement between observa-
tional and simulation-based results is encouraging, and
suggests that the current generation of cosmological sim-
ulations include feedback models that are sufficiently so-
phisticated to recover the impact of baryonic processes
on the total matter distribution in cluster cores.
Our results are also interesting in the context of recent
work in which the slopes of the central density profiles in
a small sample of relaxed clusters were estimated from
multi-wavelength observations (Newman et al. 2013).
The selection of the clusters studied by Newman et al.
(2013) complicates a direct comparison between their
conclusions and the results of our work, which uses a
large generic strong lensing selection. Newman et al.
(2013) found that the observed density profiles of their
seven clusters are in good agreement with the predictions
from dark matter (DM) only simulations, measuring to-
tal density profiles in the cores of seven clusters with
slopes that match cold dark matter (CDM) simulations.
They argue that dynamical heating is a possible mecha-
nism for offsetting any effects that baryonic contraction
might have on the matter distribution in massive cluster
cores.
It makes sense that the results of such a mechanism
would be observable in a sample of clusters that was
chosen specifically to be dynamically relaxed and undis-
turbed, where the total matter distribution in the cores
(baryonic+DM) has had the opportunity to virialize.
However, the strong lensing selection of the SGAS clus-
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ter lens sample does not preferentially select for relaxed
systems, and in fact there is evidence suggesting that
dynamically disturbed and merging systems should be
well-represented in a strong lensing selected cluster sam-
ple (Torri et al. 2004; Oguri et al. 2013). The matter
distribution in the cores of such a sample should not
necessarily be expected to have the same average profile
properties as a sample that is selected to be relaxed.
Having noted the different selection criteria for our
sample and that of Newman et al. (2013), we do note
that there is broad agreement between our results and
those of Newman et al. (2013) in that neither result fa-
vors a scenario in which baryonic cooling is acting to
steepen the matter distributions in the cores of clusters.
It therefore follows that it is not reasonable to invoke
baryonic cooling as a dominant explanation for the ap-
parent discrepancies between observed and predicated
arc abundances (Bartelmann et al. 1998; Luppino et al.
1999; Zaritsky & Gonzalez 2003; Gladders et al. 2003;
Li et al. 2006).
We note that in Figure 5 there is a marginal increase
(at the ∼ 1−σ level) in the fraction of strong lensing clus-
ters with Rarc < 10
′′ exhibiting weak [OII] emission. The
observable Rarc correlates strongly with Einstein Radius,
which itself correlates with the total mass of the cluster
lens, so that the Rarc < 10
′′ bin will include, on aver-
age, the lower-mass cluster lenses in our sample. This
marginal increase is in qualitative agreement with the
suggestion that baryonic cooling could be responsible for
small excesses in the concentration parameters measured
for lower-mass and smaller Einstein radius strong lens-
ing selected clusters by Oguri et al. (2012). However,
neither the increase in optical line emission that we mea-
sure, nor the excess concentrations in Oguri et al. (2012)
are statistically robust (i.e. > 2-σ), and we refrain from
claiming that the combination of these two results can be
interpreted as strong evidence for cooling baryons driv-
ing up concentrations in low-mass or small Einstein ra-
dius strong lensing clusters. These marginal excesses in
optical line emission and concentration could, however,
reflect consistency with the expectation from simulations
that gas cooling may more strongly affect clusters with
lower masses where the cooling mass in the core can com-
prise a larger fraction of the total mass (Rozo et al. 2008;
Killedar et al. 2012).
5. SUMMARY
In this work, we searched for optical line emission and
recent star formation in a sample of 89 strong lensing
galaxy clusters to probe whether or not baryonic cooling
processes significantly affect the mass density profiles of
clusters. Using published SDSS spectral data for the
BCGs of the SL clusters we have calculated the fraction
of SL clusters with [OII] line emission as a function of
redshift. We find that the evolution of [OII] line emission
in the SL sample is constant for z > 0.2 and that there
is no statistically significant difference between the SL
sample and the general cluster population. The 4000A˚
break ratio in the SL sample also matches the general
population, indicating that the average specific star for-
mation rate is similar between the two populations. We
also sorted the SL cluster sample by Rarc – an observable
that correlates strongly with Einstein radius – to look for
trends in the optical tracers of gas cooling as a function
of the individual lens cross-sections. We find that [OII]
line emission fractions and 4000A˚ break ratios showed
no significant dependence on Einstein radius, suggesting
that baryonic cooling does not play a large role increas-
ing strong lensing cross-sections among either the small
or large strong lensing cross-section end of the total clus-
ter lens population. The results of this work combined
with the well-studied correlations between ICM cooling
and BCG star formation and line emission argue strongly
that baryonic cooling associated with cool core activity
does not significantly influence the dark matter distribu-
tion to steepen the mass density profile in the cores of
strong lensing galaxy clusters.
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